Substrate-induced spin-orbit splitting in graphene on Ni, Au and Ag (111) is examined on the basis of density-functional theory. The Rashba splitting of π bands along the M direction of the graphene surface Brillouin zone in graphene on Ni(111) is found to be very small (a few millielectronvolts), consistent with the experimental report of Rader et al. Instead, very strong Rashba splitting (near 100 meV) can be obtained for graphene with a certain stretch distortion on a Au substrate. It can be ascribed to the effective match in energy between the C 2p and Au 5d bands, obtained from the analysis of densities of states. The net charge transfer between the graphene and the substrates just affects the spin-orbit effect indirectly. The small spin-orbit splitting induced by the Ag substrates indicates that heavy metals do not always produce large SO splitting. Our findings provide important insights that are useful for understanding the metal-induced Rashba effect in graphene.
Introduction
Graphene has attracted extensive attention in recent years due to its unique and remarkable electronic properties, such as the gapless-semiconductor band structure, the existence of pseudospin, and the high electronic mobility at room temperature [1] [2] [3] . These features are highly desirable for the development of the next-generation microelectronic and spintronic devices [4, 5] . It was found that spin currents in graphene can be manipulated using various electronic tactics, in particular through spin-orbit (SO) interactions, which are now among the most active research topics in several realms [6, 7] . No magnetic materials or fields are needed during such processes [6, 7] . The intrinsic SO effect in pure graphene layers is nevertheless very weak, 0.1-0.37 meV [8] [9] [10] or even smaller [11] , in flat graphene sheets or carbon nanotubes due to the low nuclear charge of the carbon atom. This SO effect in pure graphene is too small to be used practically.
It was very exciting when Dedkov et al reported an extraordinarily large Rashba [12] SO splitting (225 meV) for the π states along M of epitaxial graphene on a Ni(111) substrate through their angle-resolved photoemission studies [13] . However, this result was challenged by Rader et al [14] who found that the sum of Rashba and exchange splitting in the graphene layer on either Ni(111) or Co(0001) is less than 45 meV. They further argued that the Rashba effect in graphene may only be enhanced by adding some heavy metals, such as Au, to the system [14] . Though some theoretical studies of the SO effect in graphene have been reported [11, 15, 16] , the contradictory experimental results for the SO splitting in graphene [13, 14] have not been clarified up to the present. In addition, there have also been no systematical studies of how the metallic substrates affect the SO splitting in graphene and what the mechanism of substrate-induced SO splitting in graphene is. Clearly, the solutions to these problems are crucial for the progress of graphene physics.
In this paper, we report results of density-functional theory (DFT) [17] calculations for the electronic and spinpolarized properties of graphene on Ni, Au and Ag(111) substrates. The Ni substrate is found to not produce large SO splitting in graphene, consistent with the experimental results of Rader et al [14] . The reason is ascribed to the sizable energy mismatch between the C 2p bands and Ni 3d bands. Interestingly, the SO splitting of graphene on Au substrates can be significantly enhanced due to strong hybridization of the graphene p z state and the metal d z 2 state, especially for a system with a large lateral stretch in the graphene lattices. The net charge transfer between graphene and the substrates just affects the spin-orbit effect indirectly, not supporting the effective electric field model proposed in [13] to explain the SO effect in graphene. The small SO splitting induced by Ag substrates indicates that heavy metals do not always generate large SO splitting. Very few atomic layers of metal substrates are sufficient to produce large SO splitting.
Models and analysis
The electronic structures of graphene on metal (111) substrates, abbreviated as Gr/M (M = Ni or Au), were calculated by using the Vienna ab initio simulation package (VASP) at the level of the local-spin-density approximation (LSDA) [18] 5 . Projector-augmented wave (PAW) pseudopotentials were employed to describe the effect of the ionic cores. The Gr/M systems were modeled by a periodic slab geometry, with a vacuum of at least 10Å between two neighboring slabs. Face center cubic structures were adopted for all the metal substrates considered. Each slab contains one graphene layer and N metal layers. The equilibrium structures were optimized until the Hellmann-Feynman forces became less than 0.05 eVÅ −1 [19] . The energy cutoff in the calculations was set to be 400 eV, and the total energy was converged to better than 10 −5 eV. The SO coupling term considered takes the form of H SO =h 4m 2 c 2 1 r ∂ V eff ∂r (r × P) · σ , where V eff is the effective potential of the electrons, P is the momentum operator, and σ ≡ (σ x , σ y , σ z ) are the Pauli matrices. In two-dimensional electron gases (2DEGs), due to the structure inversion asymmetry, the SO coupling term can be simplified to the Rashba SO interaction, H R = α R (P x σ y − P y σ x ), where the Rashba strength α R depends on the gradient of the potential along the direction perpendicular to the 2DEG plane [12] . A sizable Rashba effect has been detected in several metallic surfaces by spin-and angle-resolved photoemission, such as Au(111), Ag(111), and Bi/Ag(111) [20] [21] [22] . Two Gr/M adsorption configurations [23] [24] [25] were considered, as depicted in figure 1(a) . We found that configuration (I) is more stable for graphene on Ni(111), as it gives a very small lattice mismatch (∼1%). For the same reason, configuration (II) is preferred for graphene on the larger Au(111) lattices [24] . kpoint grids of 31×31 and 11×11 were employed to sample the Brillouin zones of configurations (I) and (II), respectively. As a benchmark calculation for the SO effect, we first determined the SO splitting of the surface state (SS) near the Fermi level (E F , set as energy zero) of the pure Au(111) film [22] . Our result, E SO ∼ 100 meV, agrees well with the data in [22] .
Results and discussion
The band structures of Gr/Ni with the number of metal layers N = 13 [25] are given in figures 1(b) and (c). We have checked that more Ni atomic layers do not improve the results. The distance between the graphene and Ni(111) film is optimized to be 2.0Å. The direction of Ni magnetization is set to be in-plane and perpendicular to the M axis. In figure 1(b), the comparatively flat and less-dispersing bands below E F are mainly composed of Ni 3d states. Three Ni SSs are hiding in the dense bands from 0.0 to −2.5 eV and can be observed clearly by enlarging the figures. The multiple parabolic bands appearing between −4 and −9 eV are mainly the bands from the Ni film [26] . Despite the strong perturbation from the Ni(111) substrate, one can still easily trace several graphene bands in figure 1(b), e.g., the graphene σ and π states at −4.0 and −10.0 eV in the vicinity of the point. Compared to the band structures of pure graphene, these states are now spin polarized, and shifted downward in energy by about 1.2 and 2.2 eV, respectively. In particular, the features of conical points at the K-point near E F , in the region highlighted by a magenta oval in figure 1(b) , are destroyed due to the broken equivalence of the A and B sublattices. These results are in good agreement with photoemission measurements [27] . In configuration (I), A-and B-type carbon atoms are on the atop and hollow sites separately over Ni(111) and hence their on-site energies are modulated differently by the substrate. Now we zoom in to explore the SO splitting of the π states of graphene along the −M M line, following the convention in the literature [13, 14, 28] . To distinguish contributions from different factors, we studied the cases with and without the SO interaction separately. As illustrated in figure 1(c) , bands without the SO interaction are symmetric about the point and show an induced exchange splitting ( EX ) of 30 meV on the magnetic Ni substrate. After inclusion of the SO interaction, the energy splitting ( EX+SO ) contains two parts: exchange and SO ( SO ). The SO value can be extracted through SO = EX+SO − EX . The linear relationship of SO versus k in figure 1(c) indicates that the SO effect is indeed of Rashba type ( SO = 2α R k, where α R is the Rashba strength) [12, 14] . The Rashba splitting of the π states of graphene on Ni(111) obtained from our calculations is about 10 meV, consistent with the experimental data in [14] . Although this value is substantially larger than the SO splitting (0.37 meV) in curved graphene [9] , it is certainly not as large as that reported by Dedkov et al for Gr/Ni(111) [13] .
Let us see if Au can further substantially enhance the SO splitting. Au is chemically 'inert' (with completely filled d states) and the equilibrium interlayer distance between the graphene and the Au substrate is d eq = 3.3Å in configuration (II). As given in figures 2(a) and (b), the π bands of the graphene are now around −7.1 eV (relative to E F ) and exhibit more pronounced SO splitting. We want to point out that the Au SS at −7.3 eV [26] in figure 2(a) is actually localized in the opposite side of the Au slab and thus has no interaction with graphene states. The corresponding Au SS in the graphene side moves down and mingles with other Au states when the separation between the graphene and the Au substrate (denoted as d below) is decreased. This can be ascribed to the interactions with the graphene π states. In the equilibrium geometry, the SO splitting of the graphene π bands at 0.4 M is near to 30 meV (cf. figure 2(a) ), which is three times larger than that in graphene on the Ni(111) substrate. For Gr/Au in configuration (II), the A and B sublattices experience the same environment again. As a result, the graphene layer restores its unique electronic feature: the Dirac cone near E F as highlighted by the red lines in figure 2(b) . It is interesting to note that the Dirac point lies right at E F , a sign which indicates almost no charge transfer between the graphene and the Au in the equilibrium geometry. However, the charge transfer, and therefore the energy position of the Dirac cone, are adjustable through changing the distance between the graphene and the substrate [24] . This is clearly manifested in figure 2(c) , where the Dirac point moves down when the separation shrinks from equilibrium, and vise versa. Strikingly, the SO splitting of graphene decreases both ways in figure 2(d) (the same trend is also obtained in Gr/Au(I)), regardless of the direction of charge transfer and strength of the effective electric field at the interface. This finding does not support the effective electric field model proposed in [13, 14] for the explanation of the enhanced SO effect in these systems. The trend is consistent with the conclusion obtained from analytical estimates and Monte Carlo simulations for graphene on SiO 2 substrates [16] . Further important evidence of the interaction between graphene and the substrate is the SO splitting of the Dirac states. Since the intrinsic SO interaction in pure graphene was predicted to be almost zero at this point [29] , this splitting is merely induced by the metal substrate. The inset in figure 2(c) shows the calculated SO splitting at the Dirac point: both electron and hole bands show SO = 5 meV, close to the value (13 meV) given in the recent experiment [30] .
Since the Rashba splitting in Gr/Ni and Gr/Au(II) is very different, it is meaningful to find the reasons behind it. figure 1(b) ). With consideration of the work functions of the two systems (4.7 eV (Gr) and 3.8 eV (Gr/Ni)), the net downward shift of the π bands at the point of graphene in Gr/Ni is 1.3 eV, compared to that in pure graphene. Meanwhile, the Ni d bands are pinned against the E F . As a result, the C p z and the Ni d z 2 states have a large energy mismatch and thereby hybridize very weakly. The band mismatch in Gr/Ni can be seen more obviously in the partial densities of states (DOSs) of carbon and the first layer Ni atoms ( figure 3(b) ). The Ni 3d states are mostly above −4 eV, while the C 2p states are well below them. Thus, the energy mismatch of C 2p and Ni 3d bands determines the small SO strength in the Gr/Ni system.
For the Gr/Au(II), the charge redistribution is given in figure 3(c) . Bader charge analysis shows that charge gain and loss between the atoms in Gr/Au(II) is negligible (<0.002e), consistent with the small shift of the Dirac point in the inset of figure 2(c). In spite of the negligible net charge transfer between graphene and Au, charge redistribution occurs, especially extending into the Au substrate. At the interface, the C p z and Au d xz,yz states tend to lose electrons to the s bands. Compared to pure graphene, the π bands at the point in Gr/Au(II) shift upward by 0.6 eV, opposite to the trend in Gr/Ni. Meanwhile, the locations of the Au 5d bands are in a lower energy region: the bottoms of the Au d bands extend to below −7 eV (see figure 3(d) ). These two behaviors give rise to a nice match in energy between the C 2p and the Au 5d states, leading to the large SO splitting in graphene in the system. Thus, the 'inert' metal is a benefit for the production of large SO splitting in the graphene π bands. Since charge transfer between graphene and the metal substrates may affect the band match between the C 2p and the metal d, it may vary the SO strength in the graphene bands indirectly.
To further appreciate the different band intermixings in the Gr/Ni and Gr/Au cases, we quantitatively analyzed the wavefunction compositions of the graphene π bands at . As shown in table 1, the mixing ratio of C 2p z :Ni 4s in Gr/Ni(I) is about 1.0:0.8; no Ni 3d is involved. Due to the mixing of the C 2p z and Ni 4s states in the interface, the potential symmetry at the two sides of graphene is broken and a Rashba splitting (6.3 meV) is induced in the Gr/Ni system. The Ni 4s states, however, do not generate a large SO effect in the graphene π bands due to the small 1 r ∂ V ∂r of s electrons, from an atomic point of view. In contrast, the Au d z 2 state is obviously responsible for the large SO splitting in the graphene π bands in Gr/Au(II); the ratio of C 2p z :Au 6s:Au 5d is about 1.0:1.3:2.4. Thus, appropriate intermixing of the d z 2 -like metal surface states with the graphene p z state is a key factor for producing large SO splitting in graphene. It was discussed that pure p or d states cannot produce strong Rashba splitting [31] . Actually, the hybridization between p or d states in Gr/Au(II) not only allows the large SO effect of Au to penetrate into graphene, but also introduces and enhances the asymmetry around graphene since the 'bonding' orbits have their weights only below the graphene layer. Therefore, local SO coupling, hybridization, and potential asymmetry are interconnected for the enhancement of the Rashba splitting in the systems. For certain metal substrates, the SO strength of the graphene π bands may vary greatly due to the different band-matching strengths between the graphene and the metal substrates.
For spintronic applications, it is desired to make the SO effect large and controllable [8] [9] [10] . Although configuration (I) depicted in figure 1 is unstable for Gr/Au, due to the need for a large stretch for the C-C bonds (by 17%), the reduced interlayer distance (2.5Å) and the subsequently enhanced spatial overlap between the graphene and Au orbitals allows us to further explore the SO effects for different contact models. The graphene π bands in Gr/Au(I) disperse less and shift upward as well because of the expansion of the C-C bond length. This makes a better match between the C p bands and the metal d bands compared to Gr/Au(II). As given in table 1, the ratio of C 2p z :Au 6s:Au 5d is about 1.0:0.1:1.3. Obviously, the hybridization between the C 2p z and Au 5d states in Gr/Au(I) is more effective than that in Gr/Au(II). Indeed, the single-state charge densities of the graphene π state at the point in figure 4 show that it becomes a mixture of C and Au states in both Gr/Au(I) and Gr/Au(II). Nevertheless, both the strength of hybridization and the induced asymmetry in Gr/Au(I) are obviously much stronger. Therefore, lattice expansion is possibly an effective means to enhance the SO effect in graphene. Table 1 also contains the results of Gr/Ag(I) and (II). Similarly, the SO splitting in configuration (II) is much less than that in (I) due to the mismatch of the C 2p and Ag 4d bands. While the graphene p z state has a strong interaction with the Ag d z 2 state in configuration (I), only the Ag s state is involved in the more stable Gr/Ag(II), similarly to Ni. As shown in table 1, the smaller SO splitting in Gr/Ag(II) induced by the Ag substrates than that by the Ni substrates indicates that heavier metals do not always produce larger SO splitting. Further, the nuclear charge of Ag (Z = 47) is much larger than that of Ni (Z = 28). The SO splitting in the Ag(II) case is, however, smaller than that in the Ni(I) case (table 1) . Thus, heavier metals may not always produce larger SO splitting in the graphene of Gr/M systems, although the role of nuclear charge is usually believed to be very important for producing large SO splitting. The effective match in energy of the C 2p and metal d bands in Gr/M is also one of the preconditions. This trend is counterintuitive. Finally, we also explored the effect of the thickness of the metal films. The SO splittings of the graphene π bands for Gr/Au(I) and (II) and Gr/Ag(I) with N = 6 in table 2 are almost the same as the values listed in table 1. For the other two cases, Gr/Ni(I) and Gr/Ag(II), just one monolayer of metal substrate is sufficient to give a saturated SO splitting of the graphene. Since the Au SSs usually extend several atomic layers into the bulk [26] , a few layers of metal are needed to obtain the saturated SO splitting. Nevertheless, the SO splitting for graphene on Au mono-and bi-layer films is already large, explaining why one Au atomic layer intercalated between graphene and Ni(111) can cause a substantial Rashba effect in the experiment [30] .
Conclusions
In conclusion, we investigated the factors that determine the SO splitting of graphene bands on Ni, Au and Ag(111) substrates through systematic first-principles calculations. While the Rashba splitting in Gr/Au is sizable, the effect for Ni and Ag in stable geometries is very limited. The energy match/mismatch of the C 2p and metal d bands was identified as a chief factor in determining the SO strength in graphene on metallic substrates. The SO splitting does not sensitively depend on the net charge transfer between the graphene and the substrates, which may affect the SO strength indirectly through the band match/mismatch. Lateral stretch of the graphene bonds can be an effective way to enhance the SO strength. Heavy metals are found not to always induce large SO splitting in graphene. A few atomic layers of metals are sufficient to produce a saturated strong Rashba splitting in graphene due to the localization of the surface states of metals.
